We present the first three-dimensional measurements of the velocity of various ejecta knots in Tycho's supernova remnant, known to result from a Type Ia explosion.
Introduction
Tycho's supernova remnant (SNR; hereafter Tycho) is the remnant of the supernova (SN) first observed in 1572 CE (Stephenson & Green 2002) . It was classified by Baade (1945) as a "Type I" event, and an analysis of the X-ray emitting ejecta suggested a "normal" Typa Ia SN event (Badenes et al. 2006) . This was confirmed via detection and spectroscopy of light echoes -3 -by Rest et al. (2008) and Krause et al. (2008) . These SNe are generally believed to result from a thermonuclear explosion of a white dwarf in a binary system, destabilized by mass transfer.
While the nature of the binary companion is unclear, there are two leading scenarios: the single-degenerate (SD) model, in which a white dwarf accretes matter from a non-degenerate companion, exploding when it reaches the Chandrasekhar limit of ∼ 1.4 M ⊙ (Whelan & Iben 1973) ; and the broadly defined double-degenerate (DD) model, which consists of an explosion triggered by the merging of two white dwarfs by various means (Webbink 1984) .
In an earlier work (Williams et al. 2013 , hereafter "Paper I"), we examined Spitzer infrared (IR) observations of the remnant, which show emission from interstellar dust grains, warmed in the post-shock environment by collisions with energetic electrons and ions. We fit models to the IR colors that allowed us to determine the post-shock gas density, which we found to vary as a function of azimuthal angle around the shell, with densities in the east and northeast higher by a factor of several than those in the west and southwest.
In a subsequent work (Williams et al. 2016 , hereafter "Paper II"), we examined the proper motions of the forward shock in both X-rays and radio. The emission processes in these two wavebands are the same: nonthermal synchrotron radiation resulting from relativistic electrons, accelerated by the amplified magnetic fields (Ressler et al. 2014; Tran et al. 2015) in the forward shock wave from the supernova. We used Karl G. Jansky Very Large Array (VLA) radio observations spread over 30 years and Chandra X-ray observations spread over 15 years to measure the expansion rate of the remnant at ∼ 20 locations around the shell, finding that the velocity of the forward shock varies by roughly a factor of two from one side of the shell to the other. The direction of the velocity asymmetry is such that the fastest shocks propagate into the lowest density environments determined in Paper I, as expected.
The simplest explanation for this is that Tycho's SNR is expanding into a non-uniform interstellar medium (ISM), such as a pre-existing density gradient. However, another intriguing -4 -possibility is that the explosion itself was non-uniform. The explosion mechanism for Type Ia SNe is poorly understood, but there have been hints that at least some explosions may be asymmetric. Supernovae themselves are unresolvable, but spectroscopic information embedded in the emission lines during the nebular phase has shown evidence in some SNe Ia for the red and blueshifted ejecta velocities to be different (Motohara et al. 2006; Maeda et al. 2010 ). Wang & Wheeler (2008) summarize evidence for optical polarization in spectral lines in some SNe Ia before maximum, indicating significant asymmetry. From the SNR side, there is evidence for an asymmetric distribution of ejecta in the Type Ia SNRs G1.9+0.3 (Borkowski et al. 2017) and SN 1006 ), but these are based only on the spatial distribution, not the dynamic motions of the ejecta. Although there is evidence for local asymmetricity in Tycho (Yamaguchi et al. 2017) , the global ejecta distribution has not been investigated.
Previous studies by Furuzawa et al. (2009) and Hayato et al. (2010) examined the doppler broadening of the Fe and intermediate-mass elements within the ejecta, finding that the Si, S, and Ar expand at a higher velocity than the Fe. Katsuda et al. (2010) examined the proper motions of the outer ejecta in five large (∼ arcminute scale) regions around the periphery of Tycho, finding an average expansion rate of 0.294 ′′ yr −1 . In a recent paper by Sato & Hughes 2016 , hereafter SH16, the authors looked at several "blobs" of ejecta in Tycho's SNR, identifying both red and blueshifted velocity components from the Doppler shifts of the spectral lines in a deep (750 ks) 2009 Chandra observation of Tycho. They find Doppler velocities in excess of 5000 km s −1 along the line of sight for ejecta blobs near the center of the remnant moving both towards and away from the observer. Their work represents the first direct ejecta velocity measurements along a line of sight direction in Tycho's SNR.
In this work, we build upon the work of SH16 by extending the ejecta velocity measurements to all three dimensions, building up a velocity-vector map of nearly 60 spatially-coherent ejecta knots, roughly evenly distributed throughout the remnant. The fluffy interior of Tycho is -5 -dominated by emission from the ejecta, most prominently the Si and S lines at ∼ 1.86 and ∼ 2.45 keV, respectively (Warren et al. 2005) . We combine line-of-sight (LOS) velocities measured from the Doppler shifts of these spectral lines in each of these knots with their proper motion in the plane of the sky, as measured from observations in 2003 and 2015. With velocities in all three dimensions, we derive absolute magnitudes and directions of the velocity vectors of the ejecta knots, and show that the ejecta velocities are consistent with a symmetric explosion. Similar work has been done for core-collapse SNRs, such as Cas A (Fesen et al. 2006; Delaney et al. 2010) , but this work represents the first such map of a Type Ia SNR.
Observations
Tycho has been observed a total of five times with Chandra. A 50 ks observation in 2000 used the ACIS-S3 chip, which is not quite large enough to fit the entire remnant on it. As a result, about 25% of the remnant, along the southern shell, is cut off by the chip edge (Hwang et al. 2002) . The next four observations (150 ks in 2003 and 2007, 750 ks in 2009, and 150 ks in 2015) all used the ACIS I-array and cover the entire remnant. The choice of data sets that we use for this work depends on whether we are measuring the proper motion or the LOS velocity. For our proper motion measurements, we desire the longest baseline possible with the same instrument, We follow an identical data reduction process as that described in Paper II, which is -6 -based on the work of Katsuda et al. (2010) , where we use version 4.7 of CIAO and version 4.6.5
of CALDB to process all epochs. We found no significant background flaring in the light curves.
We align all epochs to a common reference frame (the deep 2009 observation is used as the relative reference frame) using detected point sources in the field of view. The images are slightly smoothed using a 2-pixel Gaussian, which has virtually no effect on the profile shapes described in Section 3, but does significantly decrease the pixel-to-pixel Poisson noise level.
Our spectral analysis of each region is performed entirely using the 2009 observation (PI: J.P.
Hughes), which was split into nine different segments between 2009 Apr 13 and 2009 May 3 with an effective total exposure time of 734 ks. We follow a procedure used in Winkler et al. (2014) , similar to that of SH16, stacking spectra for a given region from all nine observations, using the specextract tool in CIAO, weighting spectral files and response files appropriately. Spectral fits were performed using XSPEC version 12.9.0p, which contains version 3.0 of AtomDB.
Our choice of knots for both spectral extraction and proper motion measurement was guided by several requirements. First and most importantly, we searched the entire remnant in both the 2003 and 2015 epochs for any structure that maintained a coherent shape between both epochs and had a proper motion detectable by eye. This limited us to regions away from the center of the remnant, as the ejecta velocities there are mostly along the LOS. This is not a loss, though, as these regions in the center of the remnant have been studied by SH16. Secondly, we ensured that the knots were bright enough to get a good signal-to-noise for the spectral fitting. This was the easiest qualification to meet; we required a minimum of 5000 counts in a given spectrum, but most of our regions have easily over 10,000, thanks to the depth of the 2009 observation.
Thirdly, we ensured that the 1D profiles that we extracted, described below, have a constant shape at the leading edge of the emission. This was done to avoid the situation that we encountered a few times in Paper II, where the shape of the emission profile changed between the two epochs.
Finally, we attempted to find knots that were roughly evenly distributed in all sectors of Tycho. In -7 -some places, this was harder than others; the eastern and southeastern portions of the interior of the remnant were particularly difficult. The issue was not in finding knots bright enough, but in finding knots that maintained spatial coherence between the two epochs.
We emphasize that it is neither within the scope of this paper nor is it feasible to account for the motion of every tiny structure within the remnant. We ended up with a total of 57 ejecta knots that satisfied all of our conditions, above. These regions are shown in Figure 1 . For each of the knots, we drew an extraction region centered on the brightest part of the knot, with the region cutting off when the flux (as determined from the exposure-corrected 2009 flux image) dropped below 1.5 ×10 −7 photons cm −2 s −1 . We used that exact region for the spectral extraction, using an off-source background from an annulus surrounding the remnant. We experimented with other choices of off-source background selection, but found no difference in the resulting spectral fits (the background accounts for, on average, about 0.5% of the flux in the 1.2−2.8 keV band that we use for our fitting). We also experimented with local backgrounds from within the remnant surrounding each knot. We find, as reported in SH16, that the local backgrounds vary significantly enough that there is no way to know what an accurate local background is. Choosing these local backgrounds increases the velocities we measure (in both directions: redshifts get redder and blueshifts get bluer), but in approximately equal amounts of around 1000 km s −1 . Given the uncertainties of determining the appropriate local background for each individual knot, we have stayed with the systematic approach of using a uniform off-source background to be the safest and most conservative approach. To measure the proper motion, we used a "projection" region in ds9, drawn along both the X and Y directions. 
ACIS-I Gain Calibration
Measuring the velocity along the line of sight is done by measuring the red and blueshifts of the Si and S lines that dominate the spectra. We detail in Section 3 how this was done, and detail the statistical uncertainties of these measurements. We discuss here the systematic any of our regions fell in the "bad" calibration regions, we generated an image of the remnant containing only the center rows in which the calibration uncertainty was greater than 0.3%. We then overplotted our regions, and found that only four of them (regions 24, 26, 27, and 30) lie within the affected rows. This is shown in Figure 2 . We still report measured values for those four regions, but we note that the uncertainty could be as high as 1%, or 3000 km s −1 .
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Measurements

Proper Motions
Our procedure for measuring the proper motions follows that of Paper II, which is based on Katsuda et al. (2008) and used in other SNR works, such as Winkler et al. (2014) and Yamaguchi et al. (2016) . We extract the 1D radial profiles from both epochs in both the X and Y (R.A. and Dec.) directions, with uncertainties (where the uncertainty on each pixel is the square root of the number of counts in that pixel, which is summed across the width of the projection region), and shift epoch 1 relative to epoch 2. We extract the profiles in pixel space, with shifts calculated on a grid of 2000 points with a size of 0.025 pixels. A fit is obtained when the value of χ 2 is minimized, and the 90% uncertainties we report in Table 1 come from a shift in χ 2 of 2.71 -11 -in either direction. As in Paper II, we fit for the shift in an area containing the leading edge of the filament. We show the X and Y projections from several sample regions in Figure 3 . Regions that maintain their shape particularly well have very small errors; in some cases, less than 10 km s −1 .
Converting a measured proper motion to an absolute velocity requires knowing the distance to the remnant. The reported value of the distance to Tycho has varied in the literature over time.
An analysis by Chevalier et al. (1980) suggested a distance of 2.3 kpc, a similar distance to that reported in Albinson et al. (1986) . Later work by Schwarz et al. (1995) favored a distance of over 4 kpc. In Paper I, we compared hydrodynamic simulations to the observations, preferring a distance of 3.5 kpc, a distance that fits nicely with the 3.8 kpc recently derived by SH16. For the purposes of this paper, we adopt a distance of 3.5 kpc, and scale proper motion velocities accordingly, noting that the results of this paper are not dependent on knowing the absolute distance. The proper motions for our 57 regions are listed in Table 1 . As expected, higher values for the proper motion are found in the regions along the edge of the remnant, while lower ones are found for those closer to the interior. In several regions where the ejecta are clearly seen in the image to be protruding in front of the nonthermal rim (e.g., regions 22, 30, and 57), we measure proper motion velocities in excess of 6000 km s −1 . In Figure 4 , we show the radial velocities in the plane of the sky (i.e., the combined X and Y velocities) as a function of their radial distance from the presumed explosion site that we found in Paper II (α = 0 h 25 m 22.6 s and δ = 64
This choice of explosion site is offset by about 23 ′′ from the geometric center of the remnant. The choice of this explosion site versus the geometric center of Ruiz-Lapuente et al.
(2004) has little effect on the radii and deceleration parameters measured. Along regions located in the SE and NW portions, the effect is nearly zero, while the most affected region, region 19, differs by about 20%. The average effect is ∼ 9%. in the text), though the velocity is independent of this and only depends on the measured proper motions, known time baseline, and the assumed distance of 3.5 kpc.
Doppler Velocities
While the proper motion measurements can give us a velocity in the plane of the sky (modulo the distance to the remnant), the LOS velocity is needed for a total spatial velocity of any particular ejecta knot. SH16 looked at the doppler shifts of several "blobs" of ejecta in Tycho, mostly in the center of the remnant, and converted these doppler shifts to a spatial velocity. We follow a similar procedure here, applying it to our regions, which are outside the center of the remnant, and thus can be combined with the measured proper motions.
The ejecta emission from Tycho is dominated by remarkably strong emission from the Si XIII Kα line at around 1.85 keV, a line commonly seen in young Type Ia SNRs. Another strong -14 -line from S XV is present at about 2.45 keV, and weaker lines from Mg, Ar, Ca, and Fe are also present in the spectrum. We focus here on the energy range from 1.2 − 2.8 keV, where the Mg, Si, and S lines appear. We use two independent procedures to determine the red/blueshift of each of our 57 regions using this energy range. For one method, used in SH16, we fit a non-equilibrium ionization (NEI) model to the spectrum, modeling the temperature and ionization state of the plasma and fitting an overall red/blueshift to the entire spectrum. As an alternative check, we fit
Gaussian line profiles to each of the lines in the spectrum, fitting the centroid, and thus the doppler shift, of only the Si Kα line.
In modeling the spectrum with a thermal model, we use an absorbed NEI model with an underlying power-law component to account for the possibility of any non-thermal emission that might be present along the line of sight. We fix the absorbing column density at 6 × 10 21 cm −2 , consistent with the values reported in Hwang et al. (2002) and SH16, but we note that the exact value of this parameter (within the reasonable range as reported in the literature of 5 − 10 × 10 21 cm −2 ) has no effect on the fits. We also fix the value of the power-law index to 2.6, consistent with the values found in Cassam-Chenaï et al. (2007) and Tran et al. (2015) . This value also has no effect on the fits, as in almost all of our 57 cases, the normalization of the power-law component simply drops to zero, as expected for emission in the interior of the remnant. Nonetheless, we keep this component in for completeness. In the NEI model, the temperature and ionization
n e dt) are allowed to vary freely, as are the abundances of Mg, Si, and S. We fit for the doppler shift of the NEI model, as a whole, and convert this to a velocity. The uncertainties we report are the 90% confidence intervals for the value of the redshift. We list the fit parameters of the NEI model in Table 2 .
As a check on these numbers, we apply a different model, consisting of Gaussian lines for The Si Lyα line at 2.006 keV is not affected by temperature or ionization state, so its shift will only be affected by the doppler shift resulting from the LOS velocity of each ejecta knot. In principle, an accurate determination of the Lyα line centroid could solely be used to measure the doppler velocity, but this would require an X-ray micro-calorimeter with high spectral and spatial resolution. While we cannot, using CCD spectra, accurately determine the Lyα centroid, we do fix it in the model to a value of 0.149 keV (2.006 -1.857 keV) higher than that of Si Kα, forcing these two lines to move together. We fit the same 1.2 − 2.8 keV energy range as before. The fits are statistically better for this model, but this is expected, given the increased number of free parameters within the model. The continuum is a thermal bremmstrahlung model with temperature fixed to 1 keV. From left to right, the lines are Mg Kα, Si Kα, Si Lyα, Si Kβ, S Kα, and S Lyα.
In 52 out of our 57 regions, the value for the red/blueshift of the Si Kα line using this -17 -Gaussian line method agrees within errors of that measured from the NEI model fit. Even in the other five, the values are not significantly different, but fall just outside of the range of uncertainties. That these two different methods agree so well increases our confidence in the robustness of our NEI model fits, and we report the velocities measured from that model in Table 1 . We show an example of both an NEI model fit and a Gaussian line model fit to one of our regions, region 46, in Figure 5 . As expected, the doppler velocities are lower than those reported in SH16, since their numbers come mostly from ejecta knots near the center of the remnant, while ours come from the outer portions. We find a wide range of both redshifted and blueshifted velocities, ranging from 320 to 3360 km s −1 . Even though our regions were chosen blindly, with no a priori knowledge of the doppler shift in a given ejecta knot, we find roughly equal numbers of red and blueshifted knots (30 red, 27 blue). As shown in Figure 6 , the redshifted and blueshifted knots are roughly evenly distributed throughout the remnant, and in some cases, knots in relatively close spatial proximity are moving in different directions. SH16 show a similar figure in their work, except that their regions are in the center of the remnant.
Total Velocities
With the proper motion and LOS velocities calculated for all 57 of our regions, we can construct total velocity vectors for each where both the magnitude and direction are known. We report the total velocities and their components in Table 1 . For the velocity components, we use a Cartesian coordinate system, where the X-Y plane corresponds to the plane of the sky, with X-positive to the right (west) and Y-positive in the up (north) direction. The Z-axis is positive moving away from the observer (redshift) and negative towards the observer (blueshift). We find total velocities that range from just under 2400 km s −1 to nearly 6600 km s −1 , with mean and median values of 4430 and 4450 km s −1 , respectively. This is quite close to the value of 4700 km s −1 found by Hayato et al. (2010) . To construct a velocity vector for each knot for display purposes, one must know the position of the knot within the remnant. While the X and Y positions simply correspond to the R.A. and Dec. of the knots' coordinates, there is no inherent way of knowing the Z-coordinate. Still, we can make some reasonable assumptions. The knots should move radially from the explosion site out, and we assume that Tycho is spherically symmetric with a radius of 4.33 pc (4.2' at 3.5 kpc).
The latter is reasonably well justified by noting the near-perfect circular shape of the remnant on -19 -they sky (while it is possible that the remnant has the shape of, e.g., a prolate spheroid viewed "end-on," this requires our position to be coincidentally located along the major axis, which is unlikely), as well as by the fact that our proper motion velocities at the extreme edge of the remnant are quite well matched to the doppler shifted velocities of the knots in the center of the remnant as measured by SH16. We therefore assume that the Z position is simply the Z-velocity 
Discussion
Quantitatively speaking, we can average the velocities in the X, Y, and Z directions. We account for the selection effect of the location of the blobs by weighting the averages to account for the number of blobs present in, for example, the positive and negative X-coordinate (the right and left halves of the remnant). We find average velocities of -179, -88, and 83 km s −1 in the X, Y, and Z directions, respectively. These are negligible compared to the magnitudes of the velocity vectors themselves. We can further quantify this by making histograms of the velocity distribution of the knots in each direction. We show these in Figure 7 . The limited number of knots forces us to use relatively large velocity bins of ∼ 2000 km s −1 for these plots; nonetheless, the distributions around zero are fairly symmetric even with such coarse bins. The Z-distribution has a minimum around zero because the only knots that would have exactly zero velocity in the Z-direction are those along the outermost periphery of the remnant (i.e., moving entirely in the plane of the sky), and we have relatively few of those. We see no evidence for an asymmetric expansion of the ejecta in Tycho.
It is interesting to note the difference between the expansion of the ejecta, which appears symmetric, and the expansion of the forward shock wave, delineated by synchrotron emission surrounding the periphery of Tycho. In Paper II, we show that the forward shock is expanding significantly faster in the western hemiphere than in the east (and particularly northeast). We interpreted this, along with our results from Paper I, as evidence for a density gradient in the ISM that has begun to slow the blast wave in the eastern portions of the remnant. Likely due to their high density contrast, the clumps of ejecta that we measure here have not yet been significantly decelerated by the more dense material on the east and northeast sides of the remnant.
We can also examine the spatial distribution of the Si, though only in the plane of the sky.
In Figure 8 , we show an equivalent width map of the Si-rich ejecta. We follow the procedure laid out in Winkler et al. (2014) , where maps like this were created for SN 1006. The equivalent width maps show the strength of the Si line at ∼1.8 keV relative to the strength of the underlying continuum emission and serves as a proxy for the amount of Si present in a given spatial region.
We find that the spatial distribution is fairly uniform, with only a slight increase in the line strength (at the ∼5% level) in the southern portion of the remnant. This is consistent with a similar map shown in Hwang et al. (2002) , which used the ACIS-S array and cut off the southernmost portion of the remnant. This is in contrast to what Winkler et al. (2014) found in SN 1006, where the Si was significantly stronger in the SE than in the NW. end-to-end simulations from the explosion of a supernova all the way to the supernova remnant phase hundreds of years later. Nonetheless, we can compare the velocity distribution that we see now to those produced in the explosion, as they are clearly connected during the ejecta-dominated -23 -phase of the remnant.
In Figure 9 , we show a comparison of velocities in all three coordinate planes for both the "N100" and "N5" models, where the numbers represent the number of ignition points within the white dwarf. We would like to emphasise here that the number of ignition sparks should not be taken literally. In the numerical simulations, the number and position of ignition sparks serves as a means to control the rate of fuel consumption ("deflagration strength") and symmetry of the deflagration. For more discussion, see Sim et al. (2013) . As can be seen from this figure and from those in Seitenzahl et al. (2013) , models with more ignition kernels lead to more symmetric explosions, both in the spatial distribution of material and the velocity distribution. While we cannot conclusively select only one of the models that best fit the observational data, we conclude that the models with weakly ignited and asymmetric deflagrations, such as the "N3" and "N5" models, are disfavored for Tycho's SNR.
One of the more notable features of Tycho is the presence of ejecta knots that protrude in front of the forward shock. These knots have been discussed by many authors before. Wang & Chevalier (2001) cite these knots as evidence of initial clumping in the ejecta, saying that they cannot be reproduced by fluid instabilities in a smooth ejecta profile in two-dimensional hydrodynamical simulations. Orlando et al. (2012) reached a similar conclusion using three-dimensional simulations regarding the necessity of clumping in the ejecta. By contrast, Warren & Blondin (2013) found that by varying the adiabatic index of the shocked gas, γ, their three-dimensional hydro simulations could reproduce the presence of ejecta knots ahead of the forward shock using smooth ejecta without any initial clumpiness. They concluded that clumpiness is not a necessary condition to explain the morphology of Tycho.
These and other previous studies focused on modeling the morphology of the remnant.
We now have the ability to go one step further and compare the dynamics of Tycho with those from simulated data. We compare our observed spatial velocities with two hydrodynamical models: a smooth initial ejecta profile (which develops a "clumpy" structure over time due to fluid instabilities) and a clumpy initial profile. These simulations are described in detail in Warren & Blondin (2013) ; briefly, they use the hydrodynamics code VH-1 on a yin-yang spherical overset grid with 0.25 degree angular resolution. The model assumes the exponential density profile of Dwarkadas & Chevalier (1998) and "standard" explosion parameters of 10 51 ergs with 1.4 M ⊙ of ejecta. The clumpy model is produced using a Perlin algorithm (Perlin 1985) to generate noise with a maximum angular scale of ∼ 20 degrees and a maximum to minimum density contrast of 6.
Roughly a half-dozen knots protrude beyond Tycho's forward shock. To remove the uncertainty in the absolute velocity caused by the unknown distance to Tycho, we use the dimensionless deceleration parameter, m (≡ vt/R), as our method of comparison. Here, v is the -25 -proper motion (in arcseconds per year), t is the time since explosion, and R is the distance from the explosion site in arcseconds, which we assume to be the site determined in Paper II (slightly offset from the geometric center of the remnant). We compare motion only in the plane of the sky, as we cannot be certain of the radius of the knots in the Z-direction. We show the simulated images for both the smooth and clumpy models, showing only the reverse-shocked ejecta, in Figure 10 .
As can be seen from Table 1 , the m values vary throughout the remnant as measured from the Chandra images, from as low as ∼ 0.3 to as high as ∼ 0.9, though the majority fall between 0.45-0.7. We measured the deceleration parameters for ejecta knots in both the smooth and clumpy models, finding a spread in values for the smooth model from ∼ 0.4 to 0.6 and for the clumpy model from ∼ 0.5 to 0.7. The dispersion in our measured values for Tycho is large enough to accommodate both models. We caution that care should be taken in comparing the observations to the models here, as we only have two hydrodynamic models. Large variations may exist between various clumpy ejecta models for supernova remnants.
Future work should further explore various ejecta distributions via multi-dimensional hydrodynamical simulations. For example, our work here only applies to the Si-rich ejecta, but Wang & Chevalier (2001) suggest that the level of clumpiness may differ between the Si and Fe-rich ejecta. Observationally, studies such as this are possible for other remnants, though the observational times required for Chandra are substantial. Future X-ray missions with substantially increased effective area will significantly reduce the observing time requirements, but we stress that for this type of science, this must be coupled with high-resolution imaging. Such missions would also allow this analysis to be done for other ejecta species. Ar, Ca, and Fe Kα are all present in Tycho, but are too faint to do using the existing Chandra observations. Finally, young remnants like Tycho should continue to be observed regularly with Chandra, since measurement uncertainties will decrease with time as the proper motions get larger.
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Conclusions
Young supernova remnants offer a somewhat rare opportunity in astronomy: the chance to observe spatial evolution in real time. Chandra X-ray observations of Tycho's supernova remnant spread out over 12 years constitute several percent of the lifetime of the remnant, enough to measure the expansion of the ejecta knots via their proper motion. Spectroscopic analysis yields the line-of-sight velocity, giving the first three-dimensional velocity map for the remnant of a Type Ia supernova.
We have nearly five dozen knots of ejecta for which we can reliably measure the proper motion in the plane of the sky and the red/blueshift of the spectral lines of Si and S. We find no measurable asymmetry in the velocity of the Si-rich ejecta in any direction. Some models of Type Ia SNe predict that such a velocity asymmetry should exist. When we compare our observations with the delayed detonation models of Seitenzahl et al. (2013) , we favor models with strongly ignited, symmetric deflagrations, such as the N100 model.
We see very little spatial asymmetry when looking at the Si-rich ejecta. Equivalent-width maps of the ∼ 1.8 keV line of Si show that the Si is quite homogeneous. This is in contrast to some other young Type Ia remnants, such as SN 1006 and G1.9+0.3. The deceleration parameters we measure for the ejecta knots in the plane of the sky are consistent with hydrodynamical simulations of both smooth and clumpy ejecta profiles.
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